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1. Introduction 
Deterministic and probabilistic fracture mechanics have recently become increasingly acceptable for realistic 
assessment of fatigue resistance response and reliability of fatigue crack growth rate (FCGR) in steel structures. The 
implication of crack in engineering component undermines the ultimate allowable stress of the component, as the strain 
at a sharp crack tip or crack front tends to infinity. The linear elastic fracture mechanics method estimates fatigue 
damage parameters such as stress intensity factor (SIF) or J-integral and this parameter is related to the FCGR [1]. High 
strength low alloy (HSLA) steel with light-weight and reserve strength such as API 5L X780 is mostly used in the 
Abstract: This paper describes the numerical analysis of planar crack growth in high strength steel API 5L X70 
whose crack growth parameter is adopted from experimental compact tension (CT) specimen in previous literature. 
Apart from the fact that conventional fatigue crack growth specimen has bogus geometry constraints, the Single 
Edge Notched Tension (SENT) better replicate the crack-tip constraint conditions experienced in structures. Linear 
elastic fracture mechanics (LEFM) crack orientation is modelled with the finite element method in SENT model 
considering its geometry functions a/W ratio to determine its crack growth rate based on constant amplitude load. 
The virtual crack closure technique tool in MSC Marc/Mentat software with adaptive and global remeshing is 
applied to assess high cycle fatigue crack propagation using the SENT model. The crack growth pattern for the 3-
dimensional simulation characteristics is similar with that of the CT Specimen experimental procedure. 
Furthermore, the results of the crack propagation and the cycle count demonstrated good agreement with bearable 
discrepancy with maximum percentage difference of about 14.1 % for the HAZ and 6.4% for the weld and parent 
metal compared to the experimental results from literature. 
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manufacturing of oil and gas structures, in spite of its good weldability, their overall strength is lessened when welded. 
The weld zone portends severe hardness, crack growth  due to metallurgical transformation which is detrimental to the 
structural integrity [2][3]. Therefore, the fatigue crack is of greater interest due to the short elastic mode. The need for a 
suitable small-scale yielding specimen is desired at the region where the linear elastic fracture mechanics (LEFM) 
principle is valid with Paris law. Fatigue crack growth rate prediction is essential to enhance service life for engineering 
structures, then engineering critical assessment may support decisions that can help to avoid costly repair while 
advanced reliability analysis technologies is engaged [4][5]. Since probability methods are used to determine the 
system reliability as the basis for decision-making, the use of existing quality criteria is generally over-conservative 
with regard to permissible defects. The LEFM was initially developed as illustrated in BS7910 for this purpose using 
the knowledge of reliability [6]. LEFM is capable of describing crack growth in high strength steel (HSS) structures in 
a physically correct way [7][8]. The crack will progress provided the SIF (KI ) exceeds the material fracture resistance 
KIC [9][10]. The SIF varies with the specimen crack length, geometry and load applied depending on loading condition 
and sequence. In FEM simulations, the reliability LEFM analysis of FCGR in structural components depends on the 
fatigue crack parameters. However, such crack growth rate parameter is usually obtained experimentally.  
Most literature agreed that the prediction of FCGR by using Paris law requires the determination of appropriate 
parameters of the growth rate curve associated with material properties, types of welded joints for geometry function 
and calculation of the SIF range (ΔK). The significance of specimen geometry and the stress intensity range is 
described in Burgel et al. [11]. The long, slender double-cantilever beams (DCB) exhibit higher load drops and 
prolonged constant stress intensity (K) response time than compact tension (CT) geometry. Furthermore, the single 
edge notched (SEN) specimen which are narrower demonstrate lesser load drop as the crack approaches the specimen 
boundary, the dynamic stress intensity may not exceed the static value. Thus, the specimen geometry can be manoeuvre 
with considerable freedom to achieve the desired crack growth behaviour. Finite element and parameter analysis is used 
to accomplish the most appropriate specimen design for a given application. The probability model conceptualizes the 
uncertainty of crack size, loads, and material properties, when carefully modelled, this influences the integrity of 
cracked structures.  Experimental studies have shown that the use of notched specimen  to generate a fatigue crack with 
cyclic loading via the pin placed between the hole in compact tension specimen [12,13]. However, the actual stress 
under the pin load is not concentrated  and much lesser than the stress near the crack tip with stress concentration, 
hence, its effect on the crack tip can be ignored in finite element method [14]. The single edge notch tension (SENT) 
specimen has been investigated by [15–17] it could examine the transferability between standardized small-scale 
geometry specimen and full-scale conditions [18] and moderate representation of fracture mechanics to numerically 
predict damage and crack propagation between maintenance intervals particularly when  the SIF is not available, FE 
calculations should be considered [19,20] . The basic concern with finite element method (FEM) implementation is for 
efficient estimation of the SIF values during each FCG cycles of maximum and minimum applied load [21]. 
Shivakumar K.N et al. demonstrated the use of  VCCT for the measurement of SIFs for cracked three-dimensional 
bodies [22]. 
There is a wide range of literature dealing with the prediction of welded steel as it affects the fatigue crack 
propagation properties and fracture parameters in small-scale specimens with conventional compact tension and single 
edge notched bending. Researches have shown that metallurgical factor, position of notch and crack initiation all affect 
the values of the stress intensity range and Paris Law parameters in the Paris’ equation (i.e. fatigue crack parameter C 
and m) [23–29], therefore the intended service condition  play a major role in the fatigue resistant behaviour of high 
strength  steels. In most cases, the load characteristic of conventional specimen does not reflect the reality in many 
structural or component loading. Nevertheless, the use of fatigue crack parameter from conventional specimen for 
SENT model in numerical analysis of fatigue crack growth rate (FCGR) related work is rare. This effort could avail the 
industrial community the lead way to harnessing numerical computation of complex structure by its implementation.  
Considering the feasibility of FEM modelling in SENT specimen, the mesh has to be compatible across the crack 
more precisely and singular stress field at crack tip requires special elements or meshing techniques to be modelled 
with good accuracy and the force directly at the crack tip. FEM simulation tools have also established the varying SIF 
along the crack-front subject to the thickness and the ratio of crack length to specimen thickness (a/W) [30][31]. 
Andrzej Leski (2007) performed 3D VCCT with FE analysis the database stored in the pre and post-processing FE 
software that provides solid modelling, meshing, analysis setup, while the 3D VCCT is cooperated into some other FE 
solvers [32]. A commercial software MSC Marc/Mentat  [33] VCCT is engage to estimate components of the strain 
energy release rate (G) at the crack front in the finite element estimation of SIFs by an updated crack closure integral. 
More so, the process of remeshing as the crack propagates modifies the crack tip profile substantially, allowing strain 
energy release rates to be calculated using simple equations of a single FE analysis with VCCT in either crack tip or 
front for 3D. The stress intensity agrees strongly with the crack energy release rate in linear elastic condition [34]. The 
energy release rate is estimated with forces and displacements around the crack tip in VCCT [33].  Finite element 
method for LEFM estimation of FCGR in structural components can only be valid as the fatigue crack growth 
parameter that is input into the simulations. Such crack growth rate data are usually obtained on standardized 
specimens from experimental procedures. 





Crack propagation may be studied using energy release rate (G), however the current methods are not usually 
precise, effective, or complex.  The finite element approach demands fine element mesh that can conform with 
geometry of the crack front. Many complex geometry situations are challenging while the remeshing is computationally 
costly in propagation, and inaccuracies in G are exacerbated. The novel spring model that inserts stiffness springs at the 
crack front and back to compute G using the VCCT is one approach to this drawback. A new interface element is used 
as shape functions to move the springs to the crack front location that produce accurate forces and displacements. The 
precise calculation of G along the crack front is essential for appropriate propagation computation. The Surface crack 
initiator in MSC marc is implemented with local and global adaptive remeshing process of crack growth numerical 
analysis which was validated with experiment results. 
In FEM analysis of FCG, the modelling of the moving crack requires adaptive local remeshing element to deal 
with the singularity field is one of the basic issues[35]. The remeshing at cycle interval  and faceted surface in MSC 
Marc/Mentat for local mesh adaption could resolve the element type constraints highlighted by Areias P et al [36,37] .  
In this study, the suitability and reliability of a VCCT based finite element model is implemented for crack growth in 
mode (I). The method of adaptive local and global remeshing for the crack propagation in SENT model under cyclic 
loading at constant amplitude for API 5L X70 Steel. The research effort describes the crack length and growth pattern 
related to the number of load cycles for the stress ratio R=0.1 with respect to the energy release rate at the crack front. 
The fatigue crack parameter and material properties used was obtained from literature [38] determined experimentally 
from compact tension specimen. The accuracy and consistency are evaluated and compared with theoretical analysis in 
this work and experimental work from literature. 
 
2. Numerical Modelling for Fatigue Crack Propagation  
The energy needed to advance a crack is equivalent to the amount required to close the crack. Another assumption 
of VCCT is that the crack tip displacements and energy state is not altered significantly between two successive crack 
extensions [39]. Rybicki and Kanninen created the approach for 4-noded 2D elements and Ramamurthy T.S. et al. [40] 
came up with the method of quadratic 8-noded non-singular and quarter node 2D elements. Furthermore, Raju I. S. [41] 
proposed singularity 2D and 3D elements method with cubic 12-noded  with the VCCT  formulas depending only on 
forces and displacements around the crack tip. The linear elastic fracture mechanic concept of crack propagation for 
planar crack is possible once the energy released for unit width and length of fracture surface  (∆a) is termed strain 
energy release rate  (G)  proportional to fracture toughness characteristics of the material [42]. The computation of G is 
usually implemented together with FEM by VCCT by the assumption of small crack extension. The strain energy 
released is equal to the amount of the work (W) required to close the crack which is evaluated by the stress field and the 
displacement of the crack front extension from a+ ∆a. Furthermore, the stress and displacement can be computed within 
the same configuration in a single analysis, then G can be expressed as Equation 1: 
 
 (1) 
The displacement and stress at the crack tip is correlated to G for isotropic material, the applicability of the crack 
closure integral theory for interface failure of stress components is further achieved [43,44]. Irwin presented the crack 




The distance from the crack tip to point of surface crack is (r), this distance of crack extension is (Δa) and the 
displacement in the y-direction is represented with (Δv) during the crack extension when the normal stress (σy) is acting 








Where (wi) is element length while (s) is distances along the crack front. The Fig. 1 and the for an 8-node element 
in the Equation (4) is the results of the node forces (F) ahead of the crack front and the node displacements behind the 
crack front for the ith segment with contributions for elements on each side of the crack front. 








   
(4) 
For 3-D solids condition depicted in Fig. 2, the evaluation is done separately for each node along the crack front 
for an Area given by the shaded part in MSC Marc/ Mentat. For the case of higher-order elements, the contributions 




  (5) 
 
Fig. 2 - 3-dimension mesh for VCCT 
 
 
Fig. 3 - 3D mesh for VCCT for higher order mesh elements   





Recent research on welded high strength steel components prediction mostly engage LEFM based on Paris' law 
fitted to fatigue tests [46][47]. The implementation of LEFM evaluates the fatigue strength of defined crack with the 
assumption of elastic material behaviour during the fatigue process. In LEFM, the most vital driving force for the 
fatigue crack propagation of HSS is the (G) or SIF (K).  For a consistent stress field, Equation (4) is valid and 
approximate for a stress field that is not uniform. Provided the forces come from nodes on the crack front, and the 
distance from nodes behind the crack front. In the case of 2-dimension virtual crack closure technique where all 
elements around the crack tip have the same shape and size.  To ensure all elements around the crack front have the 
same shape and size in 3-dimensions VCCT, the basic approach is to engage higher order elements in finite element 
analysis in order to enhance its accuracy [22][32]. In Finite element analysis, the required potential to close the crack 
over a surface area is the local (G).  Furthermore, these equations are used to obtain the full (G) in FEA. Then SIF (K1) 









  (7) 
The (ν) represents the poisson ratio and (E) denotes the elastic modulus in the equations. In numerical FEM 
modelling, where the propagation direction might not be implemented, remeshing techniques are required [48–51]. 
Marc offers the evaluation of fracture mechanics based on the energy release rate with VCCT for crack.  The 
application of VCCT is useful as it provides G to be calculated using simple equations from a single FE analysis. The 
VCCT is one of the most common tools to evaluate G components along a crack front in linear elastic condition. The 
postulation of a crack is a crack tip for 2-dimension and a crack front in 3-dimension. For either crack model, the J-
integral or a VCCT calculation is to be performed. The energy release and SIF is a fundamental parameters of fracture 
mechanics, for the single edge notch tension specimen, the SIF represents stress condition at a crack tip, is proportional 
to crack growth rate and is used to assess failure criteria due to fracture stress, where in mode I failure analysis is 
established analytically by Equation (8).  
 
(8) 
Various empirical formulas of geometry functions f(a/W) in terms of determining SIF for different types of 
specimens already presented by many researchers. In this paper, the formula for the correction factor for SENT 
specimen is applied using this Equation (9)[52][53].  
 
(9) 
The crack grows when the G or the SIF is equal to the critical value of the component, the cycle count of crack 







The SIF range of the material/ crack tip of constant amplitude loading from equation (8) is substituted. 
 





The number of load cycles for each increment is given as: 
 
(14) 
The material constant is (C and m) and K is SIF which is expressed in the previous equation. However, the fatigue 
crack growth of difference welding procedure mainly caused the variation of material parameters in the HAZ [54].  
 
2.1   3-Dimensional VCCT Numerical Analysis 
The resources of fracture mechanics in MSC marc entail the assessment of the energy release rate with automatic 
crack propagation using the VCCT option. Crack displacement and stress methods require orthogonal mesh around the 
crack front to obtain accurate SIF solutions, due to the changing geometrical requirements, a great deal of care must be 
taken in creating the mesh pattern on and near the crack plane [45]. MSC Marc/Mentat provide finite element analysis 
VCCT method with remeshing of crack propagation. For isotropic linear elastic material, Marc calculates the SIF from 
the energy release rate. This is done separately for each crack mode. With the J-integral the calculation of the SIFs is 
more complex, and it is only done if there are no point forces in the crack region. Contact forces from self-contact at 
the crack faces are also included in these point forces, which means that the calculation of K factors is not available if 
self-contact is included. It is possible in Marc to omit the check for self-contact, with the risk of material overlap in 
case the crack closes. In fatigue analysis, a repetitive load and the main goal is typically to find the amount of load 
repetitions it takes to grow a crack to a certain length. The number of load cycles is often huge, much more than one 
would explicitly model in the analysis, this is called high cycle fatigue. The speed or rate of crack growth is given by a 
fatigue law, and Marc uses the typical Paris' law.  In direct growth crack propagation, nothing happens with the crack 
until a crack growth criterion is fulfilled [33].  
The 3D fatigue crack growth evaluation by FEM has been made on SENT specimen using MSC Marc/Mentat 
commercial finite element software. The tested CT specimens were remodeled into SENT specimens using the material 
properties of  API 5L X70 grade steel obtained from the literature[38] as listed in Table 1 and 2. The specimen 
geometry considered in this analysis with match crack depth of the SENT model is shown in Fig. 4. The geometry 
function (a/W) has been taken as 0.2, the crack length is (a). The specimen width (W) and thickness are constant for the 
entire analysis.  









221 500.3 7 0.3 
Table 2 - Paris law constant in the different zone obtained from the literature [38]  
 C  m 
Base metal  1.1e-11  4.87 
Heat affected zone 8.1e-11 3.82 
Weld metal 5.2e-11  4.55 
 
The finite element of SENT specimen was considered for crack front deformation analysis, using MSC 
Marc/Mentat has been modelled using 72,000 elements and 24,558 nodes with quad-meshing. Displacement controlled 
tensile load has been applied on the upper edge of the specimen. Because of strain variations, the model employs the 
patran tetra remeshing approach. One of the criteria to significantly enhance the accuracy of  VCCT in FE analysis is to 
use higher-order elements One of the conditions to improve the accuracy of the FE analysis in VCCT is to utilize 
higher order elements [32,55,56]. The complicated singularity of the stress field at the fracture front necessitates the 
production and regeneration of a dense mesh as the crack develops [58].  The quad (8) model was changed to tetra (4) 
element in Fig. 5 to avert the complexities of the phenomenon of element type alteration in simulation. The global 
remeshing criteria’s is assign to the contact bodies. In Fig. 5(b), the faceted surface used to describe of the stress fields, 
that is significant to determine the crack path and singular elements is simply meshed round the crack front. The assign 
SENT model is remeshed to the standard remeshing criteria since crack propagation promptly triggers remeshing 





automatically. Also, the mesh density control for the target element edge length was set at 2 mm. The material SIF 
describes the stress on crack tips and the crack growth caused by external loads or inherent stress in fracture mechanics. 




Fig. 4 - Geometry model for SENT in MSC Marc/Mentat   
 
 
Fig. 5 - FE modelling geometry model for SENT in MSC Marc/Mentat. (a) clipped model of crack faceted 
surface orientation with Quad (8) meshing; (b) crack front propagation with patran tetra remeshing   
 
The model was characterized as a contact body with deformable body properties that allow deformations to move 
easily within the contact body alongside the faceted nodes in the centre of the model perpendicular to the surface is 
used to define the crack path. The SIF is computed based on the Paris law with the periodic high cyclic loading. 
Furthermore, the fatigue time period of the repeated load sequence and the crack growth increment is assigned and 
input for the fatigue crack parameters m and C were obtained from literature from CT specimen experimental fatigue 
tests Table 2. The initial state is structural, with boundary and loading parameters selected to replicate experiment 
situations with cyclic load is applied in the x-axis direction (58 MPa) in the right end of the model, while the fixed 
displacement is applied in the left end of the model to imitate clamping condition as illustrated in Fig. 6(a). The 
constant amplitude with the mode I tensile load is implemented normal to the crack face on the free edge of the model 
and the sine based cyclic load table with the stress ratio R=0.1 in  Fig. 6(b) is assigned as expressed in Equation (15). 
 
𝒇(𝒕)=0.45*sin(2*𝜋*v1-(𝜋/2)) + 0.55 (15) 
Crack growth increment 0.2 mm is chosen to shorten the computational time. The evaluation of rate of energy 
release in VCCT through the forces and the displacements along the crack front is implemented in the load case created 
for all the conditions loads by means of a persistent time step of 0.5 seconds per increment. Sufficient total load case 
and time Steps were chosen to allow for suitable visualization of the simulations, this input values were varied to assess 
the effect on the computation outcome.  
 





Fig. 6 - (a) Load boundary condition of the specimen with one end fix and other side cyclically loaded; (b) cyclic 
Load table at stress ratio R=0.1 
 
2.2 Mesh Sensitivity 
Linear Elastic Fracture Mechanics in FEM represented the most advanced theory for simulating crack growth.  
However, the element size around the discontinuity must be small enough to capture a stress variation and the 
consequence is the computational time. Hence, the investigation of the crack propagation effect is performed using the 
same parameters but lesser crack length (load case) for simplicity. The simulation is carried out in 3D solid FEM 
model, by creating a batch file (.bat) coding in MSC Marc/Mentat. The script enables multiple meshes to run with less 
computer memory consumption. For the analysis procedure, a direct solver has been employed to run the solid 
mechanic computation with a multi-frontal parallel sparse algorithm. Also, the software-running environment is the 64- 
bit WIN10 system with a 12-GB RAM, CPU 3.10 GHz, and Intel-i5 processors. Firstly, mesh size dependency on the 
crack growth rate and corresponding load cycles, created multiple (.mud) files with different mesh size/number of 
elements in Table 3. Secondly, remeshing mesh size behaviour was computed for the equivalent number of load cycle 
and computation time of chosen mesh size, as presented in Table 4.  
Table 3 - Mesh size sensitivity analysis 




0.25 489831 6294.56 
0.5 597516 2035.19 
1 489558 2051.07 
2 490572 2009 
4 490455 2021 
 
Table 4 - Remeshing size sensitivity analysis with mesh size of 2mm 




0.5 486616 3194 
1 488719 1512 
2 490545 2071 
3 84534 2110 
4 242934 2032 
 
3. Results and Discussion     
The analysis describes the findings of FCG derived from the computational method. It should be noted that the SIF 
values in an automated crack simulation like MSC Marc/Mentat is computed centered around fracture energy release 
rate according to cyclic load table in Fig. 6 and Equation (15). The software evaluated the energy release rate with 





Equation 6 and 7 according to the isotropic material. The corresponding mean value elastic modulus and Poisson ratio 
in the literature [38] for welded, base metal and HAZ is used.  Furthermore, a minimum of crack length was created in 
the load case based on ASTM standard [58], the constant time step aimed to represent the crack growth and remeshing 
of nodes from the initial crack at every 0.2 mm for each step and nodes are released subsequently. Hence, the crack 
progresses by 0.2 mm till the last targeted length is achieved. Counter plots show the interaction effect of the clamping 
force on the model on the left side presented in Fig. 9 which causes almost uniform stress distribution in the whole 
mode region that normal leads to uniform crack propagation without the effect of bending deformation. However, as 
the crack progresses the cyclic load effect is prevalent mostly on the right-hand side where the load is applied in Fig. 8 
and Fig. 9.  
 
 




Fig. 8 - Model plot for crack growth as increment progresses  
 
  
Fig. 9 - 3D Model plot crack growth increment  
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The relation of fatigue crack growth along the length of element starting from 10mm which includes the size of 
initial crack length versus the cycles count between the SENT model finite-element approach as shown in Fig. 10. The 
number of load cycles of FCG studied with experimental CT specimen and the FE analysis of SENT specimen with 
MSC Marc/Mentat, using VCCT is presented in Table 5. The ratio of fatigue crack geometrical function a/W=0.2, and 
the fatigue crack parameter of CT specimen employed demonstrates a feasible SENT specimen application. However, 
the reason for an evident variation in the value number of loads cycles of the HAZ is not clear. However, it may be 
influence by inherent stress or the possibility of grain size refinement of the material not adequately account for in the 
simulation. Several literatures describe the metallurgical variables linked to the welding process and the heat input have 





Fig. 10 - VCCT crack length and number of cycles count with SENT model 
 
The possibility of adverse microstructure, grain refinement and martensite formation in the HAZ of welding high 
strength steel, which might account for different flow stresses at different zones of the welded steel plates where the 
fatigue crack parameter was obtained experimentally with compact tension specimen for this numerical analysis. The 
constant amplitude loading with high cycle fatigue was performed at the same conditions of ∆K and Kmax for all the 
weld zone based on the cyclic loading table presented in the figure above. Contrary to other cracks growth in Fig. 10, 
the sluggish fatigue crack propagation experienced in the VCCT simulation for the HAZ with the same condition of 
stress intensity, the crack propagation in the HAZ, BM and WM regions for the steel may be as a consequence of a 
material hardness, particularly the (HAZ). The value of C and m is treated as the material properties of each region 
[59], therefore the residual stress effect is expected to be captured.  
Table 5 - Number of times and cycles of FCG simulated with SENT model vs. CT experiment result 
Specimen Crack length 
(mm) 
No. of cycles (BM) 
(mm/cycle) 
No. of cycles (HAZ) 
(mm/cycle) 








25 6.17 x105 9.0 x105 6.67 x105 
Percentage 
Difference 
 6.1% 14.4% 6.4% 
 
 






An advanced global remeshing criteria is used in the VCCT to propagate cracks in FE analysis. The SENT model 
of the crack growth of high strength steel samples performs high cycle fatigue in MSC Marc/Mentat. The convergency 
analysis illustrates the potential and reduces the inaccuracy and computational time of the model. Summarily, the single 
edge notched tension crack model has been implemented and compared with the values of compact tension specimen in 
the experiment. This study also demonstrates that numerical solution is a proficient tool for a conservative estimation of 
the fatigue life provided the fatigue crack parameter is available for the LEFM approach with constant amplitude 
fatigue loading. Some conclusions can be drawn from the current comparisons of published experimental data and 
computation solutions as follows: 
• The SENT prediction models implemented is verified with the experimental results with similar loading 
condition procedures alongside a considerate continued meshing convergence. 
•  A phenomenon of adaptive remeshing in VCCT follows the trends of LEFM in crack incremental summation 
except in the HAZ. 
• The 3D-simulation results of the computed crack length and equivalent cycle counts with same applied load of 
62.5MPa and stress ratio of R=0.1 show acceptable agreement compared to experimental investigation from literature 
with a percentage difference of 6.1% for base metal, 6.4% for weld metal and highly conservative 14.4% for HAZ 
structural steels 
Furthermore, the VCCT fatigue crack growth observations indicate that the integrity of a welded high strength 
steel structure can depend on the welding component toughness region particularly in HAZ. Future models could 
integrate the interfaces between linear and non-linear fracture mechanics or strain hardening in a more complex model. 
The standardization process of SENT specimen for fatigue crack growth could further enhance more accurate fatigue 
life prediction.  
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